Although the incidence of and mortality associated with cytomegalovirus (CMV) disease have been markedly reduced by effective antiviral drugs for prevention and treatment, it remains an important cause of morbidity, especially during the first year after transplantation [1] [2] [3] [4] [5] . Severe pathogen-specific immunodeficiency during the initial period after transplantation is the major factor that determines the risk of CMV disease [6, 7] . CMV-seronegative transplant candidates who are lacking CMV-specific immunity and receive an allograft from a CMV-seropositive donor (CMV D 1 /R 2 ) are at the highest risk of this infection [1, 8] . Other clinical factors that suppress or delay the generation of effective adaptive immunity, such as the use of lymphocyte-depleting immunotherapy, further enhance the risk of CMV disease after transplantation [1, 8] . There is increasing evidence to suggest that defects in innate immune molecules, such as pathogenrecognition receptors, may also predispose to a higher risk of CMV disease during this highly vulnerable period after transplantation [9] [10] [11] .
The innate immune response to CMV is initiated after the recognition of its envelope glycoproteins by Toll-like receptor 2 (TLR2), a transmembrane protein that is expressed on the surface of numerous cells [12] [13] [14] . Observations from experimental models and in vitro investigations have shown that TLR2 senses the envelope glycoproteins B and H of CMV [12, 13] . This TLR2-CMV interaction initiates a cascade of intracellular signaling events that culminate in the production of antiviral peptides and cytokines and subsequently herald the generation of protective adaptive immunity [12, 13] . In vitro, CMV glycoprotein B induces cellular activation only when TLR2 is expressed on the cell surface, an effect that was not elicited in TLR2-deficient cells [9] . In vivo, mice that are deficient of TLR2 possessed very high hepatic and splenic levels of CMV [14] . We have demonstrated elsewhere the clinical relevance of these experimental data in an initial pilot study of 92 liver transplant recipients with chronic hepatitis C virus (HCV) infection [11] . Liver transplant recipients with the TLR2 R753Q single-nucleotide polymorphism (SNP), which encodes for a substitution in the amino acid glutamine for arginine at position 753 of the protein-receptor, was marginally associated with CMV disease after liver transplantation [11] . Because this initial study was conducted only in a modest and homogenous population of HCVinfected liver transplant recipients, we aimed to confirm the clinical relevance of this observation in a much larger, independent, and heterogeneous cohort of patients who received liver transplants for various indications.
MATERIALS AND METHODS

Study Population
The study cohort consisted of consecutive patients who received liver transplantation at the Mayo Clinic in Rochester, Minnesota, from January 1997 through April 2006. In compliance with Minnesota law, only patients who provided consent for the review of their medical records were included. Of the 756 eligible patients, a total of 737 were eventually included in this study; the remaining 19 patients were excluded because of lack of blood sample or research authorization. This study was approved by the Institutional Review Board of the Mayo Foundation.
Medical Record Review
The medical records of all 737 patients were reviewed for demographic and clinical characteristics, immunosuppressive regimens, acute allograft rejection, bacterial infection, and donor and recipient CMV serologic status. All patients were followed-up until the date of death or last clinic follow-up.
Immunosuppressive Regimens
Intravenous methylprednisolone was given as the induction immunosuppressive therapy at the time of liver transplantation in the vast majority of patients. Beginning in 2002, daclizumab was also used as induction therapy for certain liver transplant recipients with chronic kidney disease. In general, maintenance immunosuppressive therapy consisted of a triple regimen with prednisone, an antimetabolite (azathioprine or mycophenolate mofetil), and a calcineurin inhibitor (cyclosporine or tacrolimus). Beginning in 1999, the triple regimen consisted mainly of prednisone, mycophenolate mofetil, and tacrolimus. Our clinical practice is to discontinue mycophenolate mofetil at 2 months after liver transplantation, unless the patient meets the criteria for continuation of therapy (such as low tacrolimus level or history of treated acute allograft rejection). The dose of prednisone is gradually tapered off over the course of 4 months after liver transplantation, at which time it is discontinued, unless circumstances, such as retransplantation or acute rejection, warrant its use. In the long term, the vast majority of liver transplant recipients were maintained solely on tacrolimus monotherapy. Sirolimus was used as an alternative regimen in only a few patients.
Definition of CMV Disease
CMV disease was defined according to accepted definitions and was categorized into CMV syndrome or tissue-invasive CMV disease [15, 16] . CMV syndrome was defined as the detection of CMV in the blood, accompanied by fever, fatigue, malaise, leukopenia, thrombocytopenia, and/or arthralgias; other potential causes were excluded, and there was no evidence of tissue-invasive disease [15, 16] . Definite tissue-invasive CMV disease was defined as the presence of clinical signs and symptoms of tissue involvement, such as diarrhea, elevated liver enzyme levels, or mucosal ulcerations, accompanied by virologic and histologic detection of CMV in a biopsy specimen [15, 16] . In the absence of biopsy, patients with symptoms of organ involvement, along with a positive CMV blood culture result or CMV DNA in plasma, were classified as having probable tissue-invasive CMV disease if the specific symptoms improved after anti-CMV treatment. Both the probable and definite cases were combined in the analysis for tissue-invasive CMV disease.
Prevention of CMV Disease
CMV prevention strategies varied during the study period [17] . During 1996-2000, a randomized, double blind, placebocontrolled trial was conducted to assess the efficacy of preemptive therapy with oral ganciclovir (1 g 3 times daily for 8 weeks, adjusted on the basis of renal function) for preventing CMV disease [5, 18] . Beginning in 2000, our clinical practice has been to provide antiviral prophylaxis to all CMV D 1 /R 2 liver transplant recipients [17] . As soon as the patient is able to tolerate oral medications, antiviral prophylaxis with oral ganciclovir (1 g 3 times a day [before October 2001]) or valganciclovir (900 mg once daily [on or after October 2001]) is started and continued for 90-100 days after liver transplantation. CMVseropositive liver transplant recipients received oral acyclovir for herpes simplex virus prevention and were monitored for CMV reactivation and treated preemptively after detection of CMV DNA in plasma. Patients who developed acute rejection received anti-CMV prophylaxis for 4 weeks after the treatment with intravenous methylprednisolone, muromonab-CD3 (OKT3), or antithymocyte globulin [19] .
Detection of TLR2 R753Q SNP
Blood samples from all patients were collected before liver transplantation and were stored at 280°C in the tissue and serum bank. After sample thawing, deoxynucleic acid was extracted from the peripheral blood samples (200 lL of whole blood or 10 6 peripheral blood mononuclear cells) with use of the Isoquick Nucleic Acid Method (ORCA Research), according to the manufacturer's instructions. The extracted nucleic acid was eluted in 100 lL of sterile DNase-and RNase-free water. Five microliters of the eluted DNA was used for detection of TLR R753Q SNP with use of real-time polymerase chain reaction (PCR) assay performed on a LightCycler instrument, as described elsewhere [11, 20, 21] . In brief, 5 lL of extracted DNA was mixed with 15 lL of PCR solution consisting of LightCycler FastStart master mix (Roche Molecular Biochemicals), 0.25 mmol/L of each primer (sense primer 5#-AGTGA-GCGGGATGCCTACT-3# and antisense primer 5#-GACTTTATCGCACCTCCAGATT-TAC-3#), 4 mmol/L magnesium chloride, 9.5 mL of water, 0.2 mmol/L TLR2 sensor probe (5#-CAAGCTGCAGAAGATAATGAACACCAAG-3#-FL), and 0.4 mmol/L TLR2 anchor probe (LC Red 640-5#-CCTACCTGGAGTGGCCCATGGACG-3#). Initial denaturation was performed at 95°C for 10 min, followed by 45 cycles of denaturation (95°C for 0 s, 20°C per s), annealing (55°C for 10 s), and extension (72°C for 18 s). Melting curve analysis involved 1 cycle at 95°C for 0 s and 53°C for 30 s, followed by an increase in temperature to 80°C at a slope of 0.1°C per s.
For melting curve analysis, the wild-type TLR2 had a melting peak of 61.8°C, whereas the SNP that resulted in the R753Q substitution had a melting peak of 66.3°C. The PCR results in randomly selected samples were confirmed by gene sequencing of representative samples.
Statistical Analysis
Data analysis was performed using descriptive statistics, including mean (and standard deviation), median (and ranges), and 95% confidence intervals (CIs). Kaplan-Meier estimation was used to assess the association between TLR2 R753Q SNP and CMV disease-free survival. Patients were divided into subgroups according to their CMV recipient and donor serologic status. Kaplan-Meier estimation was used to assess the association between TLR2 R753Q SNP and CMV-free survival in each subgroup. Multivariable Cox proportional hazard models in R 1 and D
1
/R 2 patients were used to assess associations between covariates and CMV disease and tissueinvasive CMV disease. The covariates of treated allograft rejection and bacterial infection were considered as timedependent covariates using categories of in an episode and outside an episode, in which the episodes lasted 90 days and 30 days, respectively. Overlapping episodes of the same type were combined. All variables significant univariately at the 0.10 level were included in the multivariable models, with the exception of TLR2 R753Q SNP, which was included in all models. In all survival analyses, patients were censored at the date of last follow-up or death. Statistical significance was set at P # .05 in all final assessments.
RESULTS
Study Population
Of the 737 liver transplant recipients who were screened for the presence of the TLR2 R753Q SNP, the majority (628 [89%]) possessed the wild-type TLR2 allele. Only 81 patients (11%) had $1 TLR2 allele with the R753Q SNP; this included 52 patients who were homozygotes. The demographic and clinical characteristics of the entire cohort are shown in Table 1 . The mean age (6 standard deviation) of the patients at the time of liver transplantation was 51.9 6 10.46 years. The 2 leading indications for liver transplantation were chronic HCV infection (23.6%) and alcoholic liver disease (21.2%). Almost all patients received induction therapy with intravenous methylprednisolone (98.4%); only 51 patients (6.9 %) received daclizumab therapy.
CMV Disease After Liver Transplantation
Ninety-two of 737 patients (7.1%, 10.9%, 12.3%, and 12.5% by 3, 6, 12, and 24 months, respectively) developed CMV disease ( Table 2 ). The median time to onset of CMV disease was 69.5 days (range, 5-2442 days) after liver transplantation. The CMV disease was categorized as CMV syndrome in 51 patients (55.4%) and tissue-invasive CMV disease in 41 patients (44.6 %). Thirty-seven of the 41 patients had definite (biopsyproven) tissue-invasive disease; only 4 had probable CMV colitis with or without CMV hepatitis. The distribution of tissue involvement for all cases is presented in Table 2 .
Association Between TLR2 R753Q SNP and CMV Disease CMV disease occurred in 11 (8.1%, 20.6%, and 22.8% by 3, 6, and 12 months, respectively) of 52 liver transplant recipients who were TLR2 R753Q homozygotes, 3 (3.6%, 3.6%, and 3.6% by 3, 6, and 12 months, respectively) of 29 who were heterozygotes, and 75 (7.4%, 10.6%, and 12.1% by 3, 6, and 12 months, respectively) of 628 patients who did not have the TLR2 R753Q SNP. Survival analysis using Kaplan-Meier estimation demonstrated a significant association between all CMV disease cases and homozygosity (compared with wild type and heterozygosity) for TLR2 R753Q SNP (P 5 .044) ( Figure 1A) . Further analysis demonstrated a statistically significant association between tissue-invasive CMV disease and homozygosity for TLR2 R753Q SNP (P 5 .001) ( Figure 1B) .
In a subgroup analysis aimed to control for CMV serologic status and to determine associations between TLR2 R753Q SNP and primary or reactivation CMV disease, there was a statistically significant association between homozygosity (compared with wild type and heterozygosity) for TLR2 R753Q SNP and reactivation of CMV disease in CMV R 1 liver transplant recipients (P 5 .034) ( Figure 1C ). However, this significant association was not observed for primary CMV disease in CMV D 1 /R 2 liver transplant recipients (P 5 .67) ( Figure 1D (Table 4) .
DISCUSSION
This is the largest study, to our knowledge, to demonstrate that homozygosity for the TLR2 R753Q SNP was significantly associated with a higher risk of CMV disease after liver transplantation. This seems to be independent of traditional risk factors, such as CMV serologic status, bacterial infections, and acute rejection. The association was most significant with tissueinvasive CMV disease. TLR2 is a member of a family of pattern recognition receptors for which the main function is to serve as initial sensors of pathogen-associated molecular patterns in the environment [22] . Expressed on the cell surface, TLR2 is a pleiotrophic receptor that signals to the host of the presence of a wide array of nonself molecular patterns, including peptidoglycan and lipopeptides from gram-positive bacteria [23, 24] 88) and transcription factor nuclear factor (NF-jB), culminating in the release of antiviral peptides, chemokines, and cytokines that subsequently prime the adaptive immune response [9, 12, 13] . The data presented in this clinical study suggest the importance of the TLR2 signaling pathway in the pathogenesis and control of CMV disease in humans. TLR2 is encoded by the tlr2 gene, which maps on chromosome 4q32 [25, 26] . The tlr2 gene has been reported to contain $89 SNPs in its promoter, intron, and exon regions [26] . Of these SNPs, TLR2 R753Q has been investigated the most because of its functional consequence (ie, amino acid substitution in the expressed protein) and its prevalence in the population [9, 11, 20, [24] [25] [26] [27] [28] . Depending on the study, the allele frequency of R753Q is reported to range from 2.7% to 12% [9, 11, 20, [24] [25] [26] [27] [28] . Studies in vitro have demonstrated that the R753Q SNP impairs the ability of TLR2 to sense its prototypic ligands peptidoglycan and lipopeptides [23, 24, 28] . Likewise, R753Q has abrogated the ability of cells to recognize glycoprotein B of CMV in vitro [9] . In contrast to cells expressing the wild-type TLR2 gene, human embryonic kidney 293 cells that possess the mutant TLR2 R753Q gene had a markedly impaired ability to respond to stimulation with the envelope glycoprotein B of human CMV, as evidenced by the lack of NF-jB activation and interleukin-8 secretion [9] .
Innate immune gene polymorphisms including TLR SNPs are being studied extensively for their association with infectious diseases on the basis of a hypothesis that, given the position of the innate immunity genes and the proteins that they encode at the interface of the host and environment, even minor variation in these genes could have a major impact on downstream responses that could be critical for host defense or disease pathogenesis [29] . For CMV disease in humans, the relevance of TLR2 R753Q SNP was initially suggested by our prior report, in which we described the significant association between the presence of this mutation with a higher level of CMV replication (ie, viral load) and a higher incidence of CMV disease [9, 11] . In this pilot study, homozygosity for TLR2 R753Q was marginally associated with CMV disease in a cohort of 92 HCV-infected liver transplant recipients [11] . In addition, there was a higher level of virus in patients who were homozygous for TLR2 R753Q SNP [11] . However, the multivariate analysis demonstrated that the association was, at best, marginal, and it did not reach statistical significance [11] . Moreover, the study was conducted in a relatively modest and homogenous population of patients with chronic HCV infection [11] , and thus, it would need validation in an independent cohort. Because there were compelling in vitro and animal data, we aimed to confirm or refute the original observation by performing the current study. This larger study, which included .700 patients who received transplants for various indications, confirmed our previous report [11] that, indeed, homozygosity for TLR2 R753Q SNP was significantly associated with a higher incidence of CMV disease, especially reactivation disease and tissue-invasive CMV disease, after liver transplantation. The association remained strong even in the multivariable model, after accounting for well-known risk factors, such as CMV serologic status, bacterial infections, and acute allograft rejection [1, 3, 17, 19] . Moreover, HCV infection as the underlying indication for liver transplantation did not influence this association. The current study, together with prior clinical reports and several in vitro and experimental investigations [9, [11] [12] [13] [14] , implicates the importance of this receptor and its signaling pathway in the pathogenesis and clinical course of CMV disease after liver transplantation. These reports implicate intrinsic genetic factors in infectious disease predisposition and clinical course. Although previous studies identifying risk factors for CMV disease after transplantation have focused mainly on patient-related clinical variables [30, 31] , the field should also now focus on investigating genetic markers and incorporating them with clinical risk factors in defining better strategies for prevention and treatment.
In conclusion, this study found a significant association between TLR2 R753Q SNP and a higher incidence of CMV disease. Statistical significance was stronger when homozygosity of the TLR2 R753Q SNP was examined in association with the more severe form of CMV disease (ie, tissue-invasive form). These observations should encourage further studies to identify other genetic markers for CMV disease to better identify transplant recipients at high risk. 
